While the number of river restoration projects is increasing, studies on their success or failure 25 relative to expectations are still rare. Only a few decision support methodologies and 26 integrative methods for evaluating the ecological status of rivers are used in river restoration 27 projects, thereby limiting informed management decisions in restoration planning as well as 28 success control. Moreover, studies quantifying river restoration effects are often based on the 29 assessment of a single organism group, and the effects on terrestrial communities are often 30 neglected. In addition, potential effects of water quality or hydrological degradation are often 31 not considered for the evaluation of restoration projects. 32
7

Instream and floodplain habitat conditions 159
We evaluated habitat diversity and the effects of restoration by means of a principal component 160 analysis (PCA) (Vaughan and Ormerod, 2005 ) using the R-package "ade4". Six variables were 161 calculated to describe habitat types and conditions within the rivers and the floodplains (e.g. Lorenz et 162 al., 2012) . The data necessary to calculate the variables were measured in 2012 along ten transects 163 distributed uniformly along the length of the reaches following procedures developed for the 164 REFORM project (Poppe et al., 2012) . The variables include the diversity of aquatic habitats within 165 the channel (i.e. Simpson index), the variation of velocity conditions (i.e. ratio of the standard 166 deviation to the mean), the variation of water depth, and the floodplain conditions: the bankfull width, 167 diversity of meso-habitats, and the diversity of habitat composition. The habitat data were visualized 168 along the two first axes of a centered PCA, and the diversity between the data from the different 169
transects was quantified at all sites (i.e. beta diversity). Beta diversity was quantified as the distances 170 of the data from the different transects to the centroid of each site. The significance of beta diversity 171 differences between sites was tested by means of the Wilcoxon rank sum test using the R-package 172 "stats". 173
Biological sampling 174
Five organism groups representative of instream and floodplain communities were sampled in each 175 study reach in accordance with European standards, and following the methods described in Poppe et 176 al. (2012) . Below we give a short summary of the methods used within each reach studied and the 177 expected responses to restoration: 178 3. Aquatic invertebrates were sampled in July 2012 within 25 quadrats according to a multi-habitat 186 sampling approach (Poppe et al., 2012) . In the absence of other limiting factors (e.g. lack of 187 colonization sources, poor water quality), widening the river is expected to increase habitat diversity 188 and in turn the benthic invertebrate richness (Jähnig et al., 2010) . and by moving from one bank to the other along the river. Macrophytes are expected to increase in 195 richness after the widening and the creation of more lentic zones . 196
Statistical analyses of differences in organism groups 197
Richness within restored and degraded reaches was calculated for the five organism groups described 198 above. The aquatic invertebrate community was divided into groups of EPT (Ephemeroptera, 199 Plecoptera, Trichoptera) and COH (Coleoptera, Odonata, Heteroptera) species to highlight the effect 200 of restoration on the main species groups inhabiting rivers and requiring different habitat conditions as 201 explained in Gallardo et al. (2014) . Aquatic vegetation was divided into bryophytes and hydrophytes. 202 
Formulation of assessment protocols as value functions 208
To assess the ecological state of the river reach, in particular to identify differences between restored 209 and unrestored sites, we translated existing assessment procedures for morphological, chemical and 210 biological conditions (i.e. fish and macroinvertebrates) for Swiss rivers (Bundi et al., 2000) into so9 called value functions ) using the R-packages "utility" and 212 "ecoval" . These assessment protocols were developed to evaluate the 213 state of the rivers at the scale of a river reach and not for the entire river, with the length of the studied 214 river reach adjusted to the width of the river. With this method, the objective of reaching a good 215 ecological state of a river reach is broken down into a hierarchy of sub-objectives, each covering a 216 relevant aspect of the corresponding higher level objective (Reichert et al., 2015) . The degrees of 217 fulfillment of the lowest level objectives are then formulated as so-called value functions of 218 observable attributes of the river. In general, a value function quantifies the degree of fulfillment of an 219 objective measured by the attribute(s) on a scale between 0 (worst fulfillment of the objective) to 1 220 (best fulfillment of the objective). When defining these value functions, the choice of attribute ranges 221 is crucial. For the purpose of river assessment, these ranges should span the range from worst case 222 river reaches to near natural river reaches (reference conditions). In this case, a value of 0 always 223 corresponds to the worst-case (= no fulfillment of the objective) and a value of 1 corresponds to near 224 natural state (= complete fulfillment of the objective). We can then derive five color coded quality 225 Fig. A3 ). At higher hierarchical levels, the values from the lower level are aggregated to the value at 228 the higher level using aggregation functions as described by Langhans et al. (2014) . For this study, we 229 selected an additive-minimum aggregation technique for the higher level aggregation of the different 230 assessment areas to emphasize the complementarity of these aspects of a good ecological state 231 (Langhans et al., 2014) . Finally, we get the degrees of fulfillment of objectives at all levels of the 232 objectives hierarchy on the same scale between 0 and 1. 233
At the highest hierarchical level, the objective of reaching a good ecological state is broken down into 234 the sub-objectives of a good physical, chemical and biological state (Fig. 1a) , which are all important 235 aspects of a good ecological state, similar to Reichert et al. (2015) . While the physical and biological 236 sub-objectives are expected to respond to river restoration, the chemical state is used to evaluate 237 potential limiting effects on biodiversity even if the physical state is improved by restoration. The 238 physical state refers to the morphology of the river and is characterized by the variability of the riverbed, degradation of the river bed and banks, and the width and vegetation of the riparian zone (Hütte 240 and Niederhausser, 1998; Langhans et al., 2013) . These indicators cover the full range of habitats that 241 exist along rivers, and which influence biological communities. To assess water quality, we applied an 242 existing assessment procedure for nutrients (Liechti et al., 2004) of species expected to inhabit near natural river habitats was used to measure deviation to observed 279 species in restored and unrestored reaches. Inaccuracy in our estimate of expected taxa was considered 280 as a source of uncertainty for the assessment procedure (see next paragraph 2.6). For threatened 281 species, we assess their presence and concordance with expected species. For alien species, we 282 distinguish the presence of non-invasive and invasive species. To account for the complementarity of 283 the sub-objectives at the lowest hierarchical level, we used the minimum-additive aggregation 284 technique (Langhans et al., 2014) (see Appendix A1 and Fig. A3 for details) . As mentioned in the 285 introduction, due to dispersal limitations of threatened species, we cannot value their absence as a 286 restoration failure. Similarly, the absence of alien species is not a particular success of restoration 287 unless their elimination is specifically the target of the restoration project. To account for these 288 concerns, we designed a specific technique for aggregating community structure with threatened and 289 alien species. The presence of threatened species leads to a bonus and the presence of alien species 290 leads to a malus, whereas the absence of threatened or alien species does not influence the basic 291 assessment (see Appendix A1). For this purpose, we applied an additive aggregation (weighted 292 averaging with half the weight for the "bonus" and "malus" objectives compared to the main 293 objective), but only considering the "bonus" objective if it is larger than the main objective and the"malus" objective if it is smaller than the main objective. Therefore, an increase of the number of alien 295 species after restoration will reduce the fulfillment of the objective for the organism group and an 296 increase of the number of threatened species will increase the fulfillment. 297
Quantification and propagation of uncertainty 298
Monitoring, taxa identification, and data analysis are all uncertain to different degrees (Hering et standard deviation of 5% for attributes related to physical measurements, 15% for attributes of the 309 biological samples (due to imprecision of samplings in the field, difficulties in taxa identification and 310 inaccuracies in our estimate of expected taxa), and 20% for attributes related to chemical 311 measurements (high variability, due to expected temporal variability and much less due to 312 measurement imprecision). While uncertainty in the sampling techniques can vary between organism 313 groups, a relatively conservative estimate of 15% was chosen for all cases in the absence of more 314 precise information. The joint probability distribution of all parameters was constructed by assuming 315 independence of the distributions for different attributes, and was propagated through the assessment 316 procedure by Monte Carlo simulation. The resulting valuations were visualized as medians and 90% 317 credibility ranges . Since these distributions were based on expert opinion that is 318 uncertain itself, we tested whether differences in the assessment between restored and degraded 319 reaches were still significant when doubling the standard deviation of the attributes. Uncertainty was 320 propagated in the framework with the use of the R package "utility" ).14 322
Results 323
Important differences in habitat conditions and communities 324
Habitat conditions of restored reaches significantly differed from degraded reaches in both rivers (Fig.  325   2a-c) , along the first axis of the PCA for the Töss River (Wilcoxon signed-rank test P< 0.004), and 326 along the second axis for both rivers (Wilcoxon signed-rank test Thur P = 0.02; Töss P< 0.001). 327
Aquatic habitat conditions mostly changed along the first axis of the PCA, and terrestrial conditions 328 along the second axis (Fig. 2a) . We observed an increase of velocity and depth conditions in the 329 restored reach of the Töss (Fig. 2a, c) , and an increase of the bankfull width and the diversity of meso-330 habitats within the terrestrial part of both river floodplains. Beta diversity of habitat conditions was 331 significantly higher in the restored reach of the Thur River than in the degraded reach (Wilcoxon 332 signed-rank test P = 0.001; Fig. 2d ). 
*(Q75-Q25)). Empty circles represent outliers 343
All organism groups showed a higher richness in restored reaches compared to the degraded reaches 344 (Table 1) , except for the aquatic vegetation in the Töss River, which decreased by three taxa of 345 Bryophytes, and the fish in the Töss River, which did not show a difference. Overall differences were 346 significant for the Thur River, and not for the Töss River (Wilcoxon signed-rank test Thur P =0.03, 347
Töss P = 0.3). The largest difference in richness was observed for ground beetles in both rivers (10 348 taxa in the Thur and 7 in the Töss), followed by riparian vegetation and aquatic macroinvertebrates in 349 the Thur River (9 an 8 taxa, respectively; Table 1 ). For aquatic macroinvertebrates in the main river 350 channel of the Thur, a difference of composition of 16 taxa occurred between the degraded and the 351 restored reach, including 6 EPT taxa (Table A5 ). For the Töss River, this difference of composition 352 was smaller (i.e. 4 taxa, Table A5 ). Differences in COH (Coleoptera, Odonata and Heteroptera) were 353 smaller than those of EPT (Table A5) 
Reflection on differences in assessment results 360
Morphology had a higher value for the restored reaches compared to the degraded ones. Moderate and 361 poor morphological conditions were assessed for the degraded reaches of the Thur and the Töss 362 respectively, and high conditions for the restored reaches of both rivers (Figs. 3a and 4a, or 3b and 4b  363 with visualization of uncertainty). In both rivers, the width variability of the river bed and the width of 364 the riparian zone were larger at the restored reaches (Figs. A4-5) . Along the restored reaches, the bank 365 structure also showed a higher value following the removal of the embankments compared to the 366 degraded reaches (Figs. A4-5 ). The biological state had a higher value for the restored reaches 367 compared to the degraded ones (Figs. 3-4) , due to higher values for all organism groups, with the 368 exception of the aquatic vegetation (-0.13 in the Töss and -0.02 in the Thur, Table 2 ). The largest 369 difference in value was reached for ground beetles in both rivers (0.66 in the Töss and 0.63 in the 370 Thur, Table 2 ). The higher density and presence of invasive species (Impatiens glandulifera and 371 Table 3 ) decreased respectively the value of the riparian and aquatic vegetation for 372 the restored reaches. The chemical state was higher for the Töss River compared to the Thur (Figs. 3-373 4), mostly due to the detection of photosynthetic inhibitors in the Thur River (see Fig. A4 ). A poor 374 overall ecological state was assessed for the degraded reaches and a moderate state for the restored 375 reach of the Thur, and a good state in the restored reach of the Töss (Figs. 3-4) . The value of the 376 ecological state for the restored reaches of the Töss and the Thur are 0.60 and 0.58 respectively, and 377 0.34 and 0.31, respectively, for the degraded reaches (1 being the near natural state and 0 the worst 378 case). 
Elodea nuttallii,
Uncertainty 400
We found larger uncertainty ranges for results concerning aquatic macroinvertebrate communities and 401 aquatic vegetation than for the other organism groups (Figs. 3b-4b) . A larger uncertainty was detected 402 in the valuation of pesticides in the Thur River than for the uncertainty in the nutrients and the heavy 403 metals (Fig. 4b) . Values concerning physical and biological states for the restored reaches had similar 404 levels of uncertainty compared to the degraded reaches (Figs. 3b-4b) . For both rivers, the difference in 405 the ecological state between restored and degraded reaches was significant, even when taking 406 uncertainty into account (Figs. 3b-4b, A6-7) . When doubling the uncertainty of the attributes, the 407 difference in the ecological state between restored and degraded reaches was still significant (change 408 in standard deviation of the ecological state for each reach: Töss restored +0.009, Töss degraded 409 +0.006, Thur restored +0.005, Thur degraded +0.004).
Discussion 411
Quantification of restoration effects on habitat conditions and biodiversity expressed as results of 412 the ecological assessment 413
We observed significantly better physical and biological states for the restored reaches of both rivers. 414
Even in the absence of comprehensive before-after data, based on the similarity of the reaches before 415 restoration and mechanistic biological knowledge, this can be safely interpreted as a causal 416 consequence of restoration. All organism groups benefited from restoration to different degrees, 417 except the aquatic vegetation. Improvement was most pronounced for ground beetles, which benefited 418 in both rivers from the creation of gravel bars following the river widening. The assessment procedure 419 showed a significant difference from bad to good between degraded and restored sites. Unexpected species could also be present due to the inaccuracy in our methodology in establishing the 429 list of expected plants in natural conditions. In both rivers, many of the observed species on the 430 floodplain were not the expected ones, leading to a lower assessed state for the restored site. Second, 431 the success of those unexpected species, if they are correctly not expected to occur at the sites, could 432 also be an indication that the seed bank for floodplain species is impoverished (Brederveld et al., 433 2011) and that recolonization needs more time than the time span between restoration and 434 investigation in both rivers. 435
In addition to these changes, restoration had measurable positive effects on instream conditions, with a 436 higher variability in the water depth, river width and flow velocity. The removal of the embankmentswhich could underestimate the effect of restoration on biodiversity. We argue that the combination of 494 several organism groups increases the robustness of an ecological assessment (e.g. Hering et al., 2006 ) 495 and thus provides more confidence in the quantification of restoration effects. In addition, multiple 496 sampling campaigns could contribute to accounting for temporal variability and obtaining a more 497 complete overview of species that are present at the different sites. 498
To determine whether an improvement of the ecological state due to restoration is significant or lies 499 within the measurement error, the assessment and propagation of uncertainty is essential. Our results 500
showed that the improvement by restoration was within the uncertainty range for some organism 501 groups (e.g. for invertebrates), while for most groups (i.e. for ground beetles and fish) and for the river 502 morphology the improvements were significant. The propagation of uncertainty through the 503 framework allowed us to evaluate the confidence in the difference of the ecological state between the 504 restored and the degraded reaches. In our study, even if we doubled the uncertainty of the 505 measurements, the improvement due to restoration was still significant. Instead of doubling the 506 uncertainty to test the significance under higher uncertainty, quantifying the uncertainty based on the 507 variability of field measurements would be an improvement, but would require more data. 508
Nevertheless, the effects still significant under higher uncertainty indicated that the measured effects 509 were larger than our level of uncertainty regarding the observed attributes. It also shows that the 510 selected attributes are sensitive enough to detect effects. The suggested framework (including the 511 objectives hierarchy, attributes, value functions, and propagation of uncertainty) can be applied to 512 other European rivers, with the need to adapt the expected species to the local reference conditions and 513 to potentially modify the value functions to other national or local assessment procedures. We 514 encourage river managers to use multiple indicators (physical, chemical, biological, terrestrial and 515 aquatic) to comprehensively quantify the ecological state of the rivers and the success or failure of 516 river restoration measures, and to include uncertainty in their assessment methods. Such an analysis at 517 different hierarchical levels can also provide hints about potential causes of restoration failures. 518
Conclusions 519
The proposed framework based on multi-attribute value theory showed its suitability to evaluate the 520 ecological state of the rivers and, as a specific application, to quantify restoration success bycomparing the ecological states of restored and unrestored river reaches. Extensions of traditional 522 assessment procedures to include more organism groups seem useful to describe additional relevant 523 aspects of the ecological state of rivers and to evaluate restoration success. A translation of existing 524 methods and ecological knowledge to value functions helps us assessing and visualizing results at all 525 hierarchical levels on a unified continuous scale and to propagate uncertainty of observed or predicted 526 attributes to the assessment results. A critical aspect in the design of ecological assessment protocols is 527 to define the expected near natural state (diversity, taxa), which was done here based on the literature. 528
More effort is needed to confirm and improve these results based on observations of community 529 structures along a gradient of human influence and, if possible, including reference sites. Alternative 530 metrics describing the functions performed by the communities could be developed and incorporated 531 into the framework to enrich the assessment of the ecological state. To guide ecosystem management, 532 the consideration of abiotic factors is important to detect possible deficits that limit biological success 533 while an aggregation to higher levels is important for decision support, synthesis, and communication 534 of results. In this regard, integrative valuation with value functions that is based on a hierarchy of 535 objectives and allows an analysis of the degree of fulfillment of sub-objectives while also providing an 536 overall valuation proved to be useful. The estimation and propagation of uncertainty helped us to 537 evaluate the significance of differences between assessment results. Application of the proposed 538 assessment method to other river restoration monitoring programmes can contribute to the 539 identification of cause-effect relationships between physical and biological changes and the effect of 540 chemical and hydrological degradation. This could support improvements in the effective design of 541 river restoration measures and their integration into comprehensive river management frameworks that 542 also address water quality and hydrological deteriorations. 
